In this study the gas-phase structure of ubiquitin and its lysine-to-arginine mutants was investigated using ion mobility-mass spectrometry (IM-MS) and electron transfer dissociation-mass spectrometry (ETD-MS). Crown ether molecules were attached to positive charge sites of the proteins and the resulting noncovalent complexes were analysed. Collision induced dissociation (CID) experiments revealed relative energy differences between the wild type and the mutant crown-ether complexes. ETD-MS experiments were performed to identify the crown ether binding sites. Although not all of the binding sites could be revealed, the data confirm that the first crown ether is able to bind to the N-terminus. IM-MS experiments show a more compact structure for specific charge states of wild type ubiquitin when crown ethers are attached. However, data on ubiquitin mutants reveal that only specific lysine residues contribute to the effect of charge microsolvation. A compaction is only observed for one of the investigated mutants, in which the lysine has no proximate interaction partner. On the other hand when the lysine residues are involved in salt bridges, attachment of crown ethers has little effect on the structure.
Introduction
Electrospray ionization-mass spectrometry (ESI-MS) has developed into a powerful and indispensable analytical tool for the structural investigation of proteins. It is still fiercely debated to what extent the protein structure is retained after ESI and transfer into the gas phase and there are a growing number of publications addressing this question. [1] [2] [3] In this context it is generally accepted that the charge state presents a major determinant for the three-dimensional organization of a protein: 4 species with a low amount of charge adopt compact, presumably native-like structures, whereas species in higher charge states adopt more extended structures. [5] [6] [7] Intermediate charge states can show many different coexisting conformations, ranging from compact to more extended structures. Furthermore, it was proposed that after transfer into the gas phase, intramolecular charge self-solvation, i.e. the collapse of the charged side chains onto the backbone, can disrupt the intramolecular hydrogen network. 1 A powerful tool to obtain information about the molecular structure in the gas phase is the combination of ion mobility spectrometry and mass spectrometry (IM-MS). [8] [9] [10] Its potential in the analysis of proteins and their assemblies has been shown for various examples. [11] [12] [13] In IM-MS, ions are guided by a weak electric field through a cell, which is filled with an inert buffer gas such as helium or nitrogen. During this drift, ions with a compact shape undergo fewer collisions with the buffer gas and therefore traverse the drift cell faster than the ions with more extended conformations. As a result, the investigated molecules are not only separated according to their mass and charge as in a conventional MS experiment, but also according to their size and shape. In addition, the drift time (t d ) of a particular ion can be further converted into a rotationally averaged collision cross section (CCS) 14 that can also be determined theoretically and compared universally. Ubiquitin is a small (76 residue) protein that plays an important role in signal transduction and post-translational modification of other proteins. 15 As a result, it has been studied extensively in the gas phase by various groups. 3, 6, [16] [17] [18] [19] [20] [21] [22] [23] Here, we investigate the influence of side chain to backbone interactions on the overall gas-phase structure of ubiquitin. To do so, we non-covalently attach crown ether molecules (18-crown-6, 264 Da; inset in Fig. 1A ) to the protein. Generally, 18-crown-6 is known to bind strongly to protonated lysines in peptides and proteins via three hydrogen bonds. [24] [25] [26] A representative mass spectrum of ubiquitin and its crownether (CE) complexes in charge state 5+ is shown in Fig. 1A . Up to six 18C6 adducts are observed under mild ESI conditions, each with a mass shift of m/z 52.8 (264/5). The corresponding arrival time distributions (ATDs) are shown in Fig. 1B with the drift times converted to collision cross sections (CCSs). The general effect of the CE-attachment on the structure of ubiquitin can be described as follows: for ions with a low number of charges (z = 4) and ions in high charge states (z ≥ 8) each additional CE leads to an increase in size and mass (Fig. S1 †) , which in turn is reflected in an increase of the corresponding drift times and CCSs. Intermediate charge states (5+ to 7+ for ubiquitin), however, yield a rather counterintuitive result: by the addition of CEs, the conformational heterogeneity is reduced and the gas-phase structure becomes more compact. In charge states 6+ and 7+ this is reflected with CCSs being significantly smaller than those of the bare ions. In general, three major conformations seem to exist across the charge states shown in Fig. S1 , † with compact (∼1000 Å 2 ), intermediate (∼1200 Å 2 ), and extended (∼1500 Å 2 ) structures. The population of the bare 5+ ions is rather heterogeneous, showing a mix of the compact (i.e. presumably native-like) and intermediate states, and attachment of multiple CEs leads to the disappearance of the intermediate species. As such, the compact form becomes dominant when three or more CEs are coordinated (Fig. 1B) . The bare 6+ ion (Fig. S1 †) occurs predominantly in the extended state and adopts the intermediate conformation after binding a single crown ether. Binding of five crown ethers eventually results in the appearance of the compact state, but it never becomes dominant. As such, and because the 5+ ion is the lowest and most native-like charge state for which the compaction phenomenon is observed via IM-MS, we will focus the rest of our analysis on this ion. In a previous study on cytochrome c-CE complexes we proposed that the crown ether molecules take over the role of the solvent and microsolvate the protonated lysine residues, such that the overall structure remains compact. 27 In the present work, this effect was investigated further by analyzing the CE-binding of ubiquitin in comparison to ubiquitin mutants using CID-MS, ETD-MS and IM-MS. In particular, we focused on the following questions: (1) does microsolvation have the same effect when certain lysine residues are replaced by arginine and, in this context, do all lysines play an equal role in this effect? (2) Can we identify the binding sites of the crown ether? (3) Does binding to the charged N-terminus lead to a similar microsolvation effect?
Experimental

Sample preparation
Wild type ubiquitin (human) was purchased from Boston Biochem (Cambridge, USA) as a colourless powder and dissolved in water to a concentration of 100 µM. The mutants were obtained from Sigma Aldrich (Taufkirchen, Germany) as phosphate-buffered saline (PBS) solutions. Prior to use, all samples were buffer exchanged in 10 mM aqueous triethylammonium acetate solution ( pH = 7, Fluka Analytics) twice for 2 hours and overnight using Slide-A-Lyzer dialysis tubes (MWCO = 2000 Da, Thermo Scientific). After dialysis the samples were diluted to 10 µM with a 1 : 1 (v : v) solution of water : methanol. 18-Crown-6 was purchased from Sigma Aldrich (Taufkirchen, Germany) as a colourless powder and dissolved with water to a 10 mM stock solution. For the preparation of the protein-crown ether complexes 25 to 50 equivalents of 18C6 were added to a 10 µM protein solution.
Mass spectrometry CID and IM-MS experiments. Measurements were performed in positive ion mode on a Synapt G2-S quadrupole-ion mobilitytime of flight (Q-IMS-TOF) mass spectrometer (Waters, Manchester, UK), equipped with a Z-spray nanoflow ESI (nanoESI) source. NanoESI tips were produced in house from borosilicate With an increasing number of CEs attached, the overall structure becomes more compact, which is reflected by a decrease in the CCS.
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This journal is © The Royal Society of Chemistry 2016 helium as drift gas on an in-house constructed drift tube IM-MS instrument, reported elsewhere. 28 To minimize errors in the calibration, drift times were recorded for several wave velocities and CCS values were averaged. 
Results and discussion
Crown-ether microsolvation of ubiquitin and ubiquitin mutants
To study the impact of microsolvation of individual lysine (K) residues, wild type (wt) ubiquitin and ubiquitin lysine-to-arginine mutants are investigated. As arginine is positively charged under physiological conditions and therefore comparable to lysine, it is assumed that the mutation does not have major effects on electrostatic interactions and the protein structure ( Fig. S6 †) . Although arginine also binds 18-crown-6 molecules, it has a considerably lower affinity (133 kJ mol −1 ) than lysine (150 kJ mol −1 ) and previous studies further suggested that binding to lysine is favoured over arginine when both residues are present. 26 In Fig. 2A the amino acid sequence of the wild-type protein and its crystal structure are shown with the seven lysine residues highlighted in green. Fig. 2B shows a schematic overview of the mutant sequences in comparison to wt ubiquitin with arginines coloured in dark blue and the retained lysines in green. In the mutants investigated here, either all lysine residues (noK-mutant) or all except one lysine at a specific position are replaced by arginine (K6-, K11-, K27-mutant). We specifically focus on mutants with lysines retained close to the N-terminus, which enables us to perform ETD experiments on ubiquitin-CE complexes in which lysine-containing N-terminal fragments ( possibly with a bound CE) are produced at high abundance. Inspection of the individual residues in the crystal structure (PDB accession code: 1UBQ) for a native-like structure shows that K11 and K27 are both involved in salt bridges, whereas K6 is not in close proximity to an acidic side chain. 29 Under soft ESI conditions up to six CE adducts are observed for wt ubiquitin and up to five for the mutants, with all spectra showing a similar distribution of the complexes (Fig. S2 †) . However, under slightly harsher conditions (increase of trap voltage from 2 V to 9 V), the distribution of the CE complexes changes significantly for the mutants, whereas the change is less obvious for the wt protein with a maximum intensity at the 2CE complex (Fig. 3A) . The most intense shift between soft and harsh conditions is observed for the noK-mutant (B), where the bare protein ion and the 1CE complex show the highest intensity with an almost 1 : 1 ratio. The distributions of K6-, K11-and K27-mutant complexes (Fig. 3C, D and E) resemble each other with the 1CE complex as the most abundant species.
Energy-resolved collision induced dissociation experiments
In order to better understand the CE-distributions in Fig. 3 and to analyze differences in CE-binding energies between the mutants, energy-resolved CID experiments were performed. To do so, either the 1CE or the 3CE complex was isolated as the precursor and subsequently fragmented via CID. The selection of the 3CE complex is based on the assumption that the third CE is neither attached to a lysine nor to the N-terminus in the case of the mutants. Representative MS/MS spectra, with the respective precursor ions shaded in grey, are shown in Fig. 4A and B for the noK-mutant at a collision voltage of 9 V. Spectra for the other investigated mutants are shown in Fig. S3 . † Isolation and subsequent dissociation of the 1CE complex result in the formation of the bare protein ion; dissociation of the 3CE complex, on the other hand, leads to the formation of three different product ions at an increased collision voltage.
To obtain a more quantitative picture for the different mutants, the relative intensity of the corresponding precursor ions was plotted versus the collision voltages for all samples. The resulting CID depletion curves are of a typical sigmoidal shape ( Fig. 4C and D) . In addition, the voltage that is necessary for a 50% depletion of the corresponding precursor ion is marked by a dashed line in both graphs.
Comparing the graphs of the 1CE depletion amongst each other, three distinct trends become apparent: (1) the noKspecies needs the lowest energy to dissociate. This was expected, as there are no lysine residues for the CE to coordinate to. (2) Slightly more energy is required for a 50% fragmentation of the K6-, K11-and K27-mutant complexes. (3) The highest energy has to be applied to dissociate the wt-1CE complex. These results show that a distinction between wt and the mutants and even between the two types of mutants is generally possible based on the relative dissociation energy. The resulting gap in the effective binding energy between wt and the other three mutants is somewhat unexpected, as the wt as well as the mutants offer similar binding sites to the CE. In the case of the wt the CE coordinates either to the N-terminus or to one of the seven lysine residues, which are believed to be in close spatial proximity in charge state 5+. Three considerations could explain the observed stability of the wt-1CE complex: (1) the CE-binding sites are statistically distributed. Thus, one particular site might be favored, but the CE can in principle be attached to other sites as well. These other sites would still be lysines in the case of the wt and likely arginines in the mutants. ( 2) The first CE is neither attached to K6, K11 or K27 nor to the N-terminus, but to one of the four remaining lysines that are not investigated in this study, and which somehow has a much greater affinity than the three we focused on. (3) The CE is not permanently bound to one specific site, but can "walk" between them when they are close enough to each other. This phenomenon was reported earlier 30, 31 and might offer an explanation for the increase in the effective binding strength of the wt. Next, the 3CE complex of each variant was isolated, fragmented and its depletion plotted as described above (Fig. 4D) . The collision voltage for a 50% fragmentation is roughly similar for all mutant species and in addition significantly lower than the energy necessary to dissociate the wt complex. In the case of the wt, the third CE is likely coordinated to a lysine, whereas the mutants presumably offer arginine as a binding site. Furthermore, a comparison of the wt depletion in Fig. 4C and D shows that the third CE is bound significantly weaker than the first CE. This might be attributed to the fact that the 1CE and 3CE complexes of the wt exhibit different structures as shown in Fig. 1 . Alternatively, due to the two already occupied sites the third CE may also not be able to "walk" between different residues as freely as the first CE and is therefore not bound similarly strong. Nevertheless, the CID experiments and the resulting depletion graphs show that it is possible to differentiate between a coordination of the CE to arginine and lysine on the basis of the relative dissociation energy.
Electron transfer dissociation experiments
MS and CID experiments provide insights into the relative binding energies of the investigated protein-CE complexes
and thus allow conclusions on the CE-binding sites. However, these experiments do not reveal the role of the N-terminus and to what extent it is involved in the CE-microsolvation. To answer this question, electron transfer dissociation (ETD) experiments were performed. This method provides the advantage of preserving non-covalent interactions while cleaving covalent bonds. [32] [33] [34] Thus, fragments of different sizes can be formed with a CE still being attached to the corresponding lysine. It should therefore be possible to identify the binding sites from the ETD fragment mass spectra. To minimize loss and/or migration of the CE ligand in the gas phase, acceleration voltages were kept minimal in ETD experiments. While this limited the fragmentation efficiency and sequence coverage, fragmentation in the first 5 to 15 residues (depending on the precursor charge state) yields insight into CE binding and compaction in wt ubiquitin, as well as the K6, K11 and noKmutants. Protein-CE complexes with different numbers of CEs were selected as precursor ions in charge state 5+. Generally, a high sequence coverage and S/N ratio can be obtained in ETD for precursor ions with a high number of charges. 35 The reason for this is twofold: first, the increased Coulomb attraction between the ETD reagent and precursor will result in an increased ion/ion reaction rate. 36 Second, increased intramolecular electrostatic repulsion will reduce the degree to which the protein structure is stabilized by noncovalent interactions, facilitating fragment release after cleavage of the backbone N-Cα bond. 37 In this case, sufficiently resolved fragment spectra were also obtained for the lowly charged 5+ ions investigated in this study and the resulting mass spectra of all complexes show a vast variety of fragments (Fig. S4 †) . In addition to shorter N-terminal fragments, charge-reduced species are also observed. Those species are formed either by proton or electron transfer, or gas-phase adduct formation with the ETD reagent as reported earlier. 38, 39, 43 Fig . 5 shows the lower m/z region of the ETD fragment spectra of the wt, K6, K11 and noK complexes for a 5+ precursor ion with two CEs. The colour code for the different number of CEs attached is the same as in Fig. 1 . In general, a-and c-type fragments with no CE (yellow), one CE (red) and two CEs (blue) are observed. Despite the rather low fragmentation yield of the lowly charged precursor ions, a few intense N-terminal fragments (c 1 + , c 2 + and c 3 + ) carrying one CE are observed for all four proteins. As these fragments contain neither a lysine nor an arginine residue, they indicate binding of the CE to the protonated N-terminus. In addition, for the wt complex an a 6 + fragment was identified with a single CE bound (i.e. either attached to the N-terminus or to K6). However, no further fragments with more than one CE were formed for wt 5+ ions. In charge state 6+, a higher fragmentation yield was achieved, where nearly all the fragments carried one or two CEs (Fig. S5 †) . These spectra show sequences with up to 17 residues and indicate that the second CE binds preferentially to K11, but can also bind to K6. In turn, fragment spectra of the K6-mutant complex (Fig. 5B) For the K11-mutant, ETD experiments were also performed under similar conditions (Fig. 5C) . However, at charge state 5+ only fragments up to a length of nine amino acids with one or no CE attached are formed (Fig. 5C ). These fragments suggest that the first CE is likely to bind to the N-terminus. Since only fragments up to c 9 were observed, it is not possible to reveal further binding sites. However, based on known affinities and ETD of the K6-mutant, the second CE likely coordinates to K11. Given the limited sequence coverage observed under these soft conditions, ETD experiments were not performed with the K27-mutant.
ETD spectra of the noK-mutant complexes (Fig. 5D) show in addition to the intense N-terminal fragments with one CE also the fragments with two CEs attached (c 6 2+ , c 7 2+ and c 10 2+ ).
These short sequences contain the N-terminus and one arginine residue at position 6 as possible coordination sites for the two CEs. Furthermore, a larger fragment is observed with c 17 2+ . In this case the single attached CE is able to bind to the N-terminus, R6 or R11.
From the ETD experiments, we conclude that N-terminal CE-binding likely occurs for all investigated species, as the corresponding fragments were among the most intense signals in the fragment spectra. These fragments indicate that it is the first CE that binds to the N-terminus. However, there are also fragments observed where it is not explicitly clear whether the first CE is coordinated to the N-terminus or to K6. In general, the low sequence coverage in charge state 5+ hinders a clear identification of every CE-binding site.
Ion mobility-mass spectrometry experiments
The major focus of this study was to test whether the effect of microsolvation can still be observed with one or several lysine residues being replaced by arginine and, thus, to reveal if all lysines contribute equally to this effect or if specific residues play a major role. To clarify this question, the protein-CE complexes were investigated further using ion mobility-mass spectrometry. The measured arrival time distributions (ATDs) for the proteins and their CE complexes were converted to contour plots, in which the colour intensity reflects the peak intensity of the raw data. The corresponding contour plot for wt ubiquitin is shown in Fig. 6A and reveals a similar trend for a microsolvationinduced compaction as discussed above. Experiments under the same conditions were performed with the mutant-CE complexes and the resulting ATDs are presented as contour plots in Fig. 6B . Raw IM-MS data of all possible lysine-to-arginine mutants (charge state 5+) are shown in Fig. S6 . † Generally, a different behavior is observed for all mutants compared to the wt. The ATD of the bare noK mutant appears much narrower than that of the wt and reveals a compact conformation. Further compaction does not occur upon the addition of crown ethers. Similar behavior is observed for the K11-and K27-CE complexes (and K29-, K33, K48-, and K63-CE complexes, Fig. S6 †) . In all these cases, the drift time increases steadily with the growing mass of the complex, and shows a rather narrow and homogenous ATD, corresponding to a compact conformation. The K6-mutant, on the other hand, reveals the same conformational heterogeneity as the wt in the absence of CEs. More importantly, however, K6 shows a similar effect as the wt sequence when CE molecules are bound, and requires fewer ligands to undergo this effect. The second, more compact conformational family evolves with the first attached CE and dominates after addition of the second CE molecule. As a result, K6 requires at least two (compared to three for the wt) coordinated CEs to undergo a compaction of the structure. Therefore it is likely that both the N-terminus and K6 are involved in binding and that K6 plays a key role in extending the structure in ubiquitin. This assumption is supported by the ETD experiments, as both N-terminal and K6 CE-binding are observed with the first two CEs.
Comparison of the microenvironment of the particular lysine residues in the crystal structure of the protein (Fig. 2 ) Fig. 6 (A) Arrival time distributions (ATDs) for wt ubiquitin with 0 to 3 CEs (5+) presented as contour plots. Upon attachment of CE molecules, the gas-phase structure increases at first, but a second, more compact species evolves as well; this conformation dominates at higher numbers of crown ethers. (B) Contour plots for the ATDs of the mutant complexes. Only the K6-mutant shows the same conformational heterogeneity and compaction upon CE addition as the wt. The other mutant variants exhibit homogeneous and compact structures already without CE attachment. reveals that K6 is the only one of the investigated residues that is not involved in an intramolecular salt bridge. As the next potential binding partner for K6 is approximately 5.4 Å away, 29 the charged residue is more likely to self-solvate onto the protein backbone after transfer into the gas phase. This, in turn, leads to a disruption of structure-stabilizing intramolecular hydrogen bonds and, eventually, to the unfolding of the protein's compact conformation. Salt bridges, on the other hand, are likely to support the compact and native-like structure of the 5+ ubiquitin ions. Previous DFT calculations on the binding of 18-crown-6 to different possible conformations of protonated lysine revealed that in structures where lysine is involved in a salt bridge, the crown ether was likely to prefer binding to the corresponding N-terminus rather than the side chain in order to retain the stabilization by the salt bridge. 26 Therefore, it is likely that lysine residues that take part in such structure-stabilizing interactions do not show a strong effect upon microsolvation with a CE. This agrees well with another study where CE complexes with ubiquitin lysine-to-asparagine mutants were analysed via selective noncovalent adduct protein probing mass spectrometry (SNAPP-MS). [40] [41] [42] Here, the authors investigate the changing adduct distribution in mass spectra for mutants with only one lysine replaced in the sequence and reveal that intramolecular interactions, such as salt bridges and hydrogen bonds, can hamper the coordination of 18C6 to protonated lysine residues. 29 
Conclusions
In the present work we investigate the influence of a protein's microenvironment on its gas-phase structure by non-covalent attachment of crown ether molecules to ubiquitin and ubiquitin lysine-to-arginine mutants. We demonstrate that the structure of partially folded conformations of ubiquitin becomes more compact upon crown-ether attachment, which is in good agreement with our previous work on cytochrome c. 27 Our results strongly indicate that crown ether molecules coordinate not only to protonated lysine and arginine residues, but also to the N-terminus. Applying harsher conditions in the MS and CID experiments showed that the single crown-ether complexes differ in relative dissociation energies, which enables the differentiation between a coordination of the crown ether to lysine or arginine. Furthermore, differences in the dissociation energies of the respective complexes are not significant between the mutants of the same type (K6, K11 and K27-mutant). ETD-MS experiments were performed to locate the crown-ether binding sites. Although a clear identification of all binding sites is not possible, the data reveal that the N-terminus is involved in the CE-microsolvation, and in some cases even by binding the first CE. When comparing the arrival time distributions of the different mutants, the major differences in the overall gas-phase structure are observed upon attachment of CEs: only with the K6-mutant a structural rearrangement similar to wild type ubiquitin is detected. All other mutants exhibit compact and homogeneous ATDs that increase with drift time without a noticeable structural change. In other words, the lysine residue on position 6 induces a structural extension and shows a compaction upon CE addition, whereas salt-bridged residues adopt a compact structure already without the CEs attached. We here assume that the formation and preservation of salt bridges to spatially adjacent residues are more favourable than backbone solvation. Altogether, our results strongly indicate that the effect of crown-ether microsolvation is dependent on the microenvironment of the specific residue.
